Abstract: This study quantifies thermal tolerance and metabolic rates for two fiddler crab species (Uca perplexa and Uca crassipes) exposed to increasing temperatures. Uca perplexa prefers sun-exposed mangal zones, while U. crassipes inhabits shaded as well as sun-exposed areas. A total forty crabs (20 crabs from each species) were collected from the Ambeua mangrove on Kaledupa Island, and transported to the Hoga Island Research Laboratory for testing. Fifteen crabs of each species were used for CTmax trials, and five crabs were used in metabolic trials. Crabs were acclimated for 10 days at 26, 28, or 30°C prior to experimentation. Critical Thermal Maximum (CTmax) was measured by increasing the temperature by 0.3°C per minute until loss of righting responses was observed. A Gilson differential respirometer was used to determine oxygen uptake at 26 and 31°C for each species, and the results used to calculate temperature quotient (Q 10 ) values. While both crab species showed an increase in thermal tolerance with increasing acclimation temperature, U. crassipes was more heat tolerant (CTmax = 42.21°C), than U. perplexa (CTmax = 41.95°C). Likewise, U. crassipes was less metabolically sensitive to temperature increase (Q 10 = 1.33) than U. perplexa, (Q 10 = 2.38) suggesting that U. crassipes is better adapted to high environmental temperature conditions.
Introduction
Temperature is the most important environmental factor affecting ectothermic organisms, i.e., animals whose body temperature is influenced by their thermal environment (Wieser, 1973) .
Indeed, temperature is known to profoundly influence ectotherm life history events including survival, reproduction, distribution, movement patterns, and metabolic processes (Benfey et al., 1997; Laevastu & Hela, 1970) . While all ectotherms are well-suited to routine thermal fluctuations in their natural habitat, recent, notable changes in world climatic patterns may put some ectotherms at risk of extirpation or extinction. By the end of this century sea surface temperatures in Indonesia are expected to increase by 2-5°C due to global warming (NOAA NCDC, 2018) . Animals living in mangal zones are likely to be especially vulnerable, as mangrove habitats become dryer and warmer.
Fiddler crabs (family Ocypodidae; genus Uca), are abundant in mangrove zones but are at risk of being negatively affected by increasing environmental temperatures. The crabs play an important ecological role in mangrove ecosystems. As burrowing detritivores, fiddler crabs promote the exchange of nutrients, reduce anoxic sediment conditions, and control the accumulation of organic matter (Thomas & Blum, 2010) . Their bioturbation activities help maintain the balance of food chains (Pratiwi, 2010) , and they are an important prey resource for higher trophic groups including large crustaceans, fish, birds and mammals (Wolff et al., 2000) . The Wakatobi National Park, in Indonesia boasts a remarkably high level of fiddler crab alpha diversity, with at least seven coexisting Uca species, in the Ambeua mangrove.
Fiddler crab populations in the area occupy a wide range of thermal habitats. The fiddler crab U. perplexa for example, prefers sun-exposed mangal areas. U. crassipes, on the other hand, supports high populations in shaded regions, with smaller, isolated groups occurring on exposed mudflats. Consequently, both groups experience different environmental temperatures regimens.
Relatively little is known about the thermal ecology of fiddler crabs or how they may respond to warming environmental conditions. The Critical Thermal maximum (CTmax) is an important metric that precisely quantifies an organism's ability to survive short-term exposure to lethal temperatures, such as challenges resulting from global warming (Madeira et al., 2013) . Various studies have looked at the Critical thermal maximum and Critical thermal minimum (CTmin) of fish and crustaceans (Dabruzzi et al., 2017; Madeira et al., 2013; Eme & Bennett, 2009; Beitinger et al., 2000) , including selected fiddler crab species from several countries (Darnell et al., 2015; Faria et al., 2016; Darnell & Darnell, 2018) .
One noted effect of increasing environmental temperature on ectotherms is an acute increase in metabolic function (Campbell & Mitchell, 2004 ) that can be indirectly measured as oxygen consumption rate (Kutty, 1981) . Most previous fiddler crab research has looked at effects of temperature variation on fiddler crabs as it relates to morphology (Darnell & Darnell, 2018; Saher & Qureshi, 2012) , body size (Allen et al., 2012) , distribution (Mokhtari et al., 2015) , behavior (Mat et al., 2017) , or reproduction ( Colpo & Laura, 2017; Darnell & Munguia, 2011) . Until now, there have been no studies that have looked at the effects of increasing temperature on acclimation responses or metabolic rate in U. perplexa or U.
crassipes. This study represents an important first step in determining the vulnerability of fiddler crabs facing global warming challenges. The results may be used as a base reference for carrying out conservation efforts to maintain fiddler crab biodiversity in mangrove ecosystems. The present study tests the null hypotheses that there are no significant differences in either CTmaxima, or metabolic rates between U. perplexa and U. crassipes exposed to increasing temperatures.
Material and Methods

Study Area
Fiddler crabs used in this study were collected in Kaledupa's Ambeua mangrove (5º 49'S and 123º 76'E), within the Wakatobi National Park (WNP), located in the Wakatobi district, south-east of Sulawesi, Indonesia. The Wakatobi National Park is comprised of four main Islands: Wangi-Wangi, Kaledupa, Tomia and Binongko. The islands host a variety of marine habitat types including intertidal mudflat, coral reef, seagrass meadow, and mangrove forest, all with high diversity and high levels of endemism (Unsworth et al., 2007) . The Ambeua mangrove is dominated by relatively low canopy Avicennia with a fringe of Rhizophora, growing in a fine, soft mud substrate. The area experiences mixed-diurnal tides with a maximum tidal range of two meters. Water temperature fluctuates between high and low tide.
During ebb tide, the mudflat areas are dominated by mudskippers (Periopthalamus spp.), assorted mollusks, and fiddler crabs. Barnes (2010) reported that Ambeua mangrove in Southeast Sulawesi, exhibits the highest alpha-diversity of fiddler crabs in the world. 
Sampling
Uca perplexa and U. crassipes were selected for this study based on their differences in thermal habitat preference. Temperature is a major evolutionary selective factor shaping fiddler crab acclimation responses. Uca perplexa inhabits sun-exposed mangal areas almost exclusively, whereas, the highest concentrations of U. crassipes can be found living in shaded mangal zones, with smaller isolated groups found living in sun or partial sun areas. Crabs were collected during daytime low tide by using a bamboo stick to dig crabs from their burrows. Abiotic conditions including, air and water temperature as well as salinity were collected. All crabs were returned their site of capture following experimental trials.
3. Acclimation Response Experiments
A total of thirty fiddler crabs, fifteen of U. perplexa and fifteen of U. crassipes were used in thermal acclimation response studies. Crabs were randomly sorted, five each, into one of three treatment temperatures of 26°C, 28°C, or 30°C. Crabs in each treatment were housed in plastic bins containing a thin layer of mangrove mud saturated with seawater. Treatment temperatures were maintained by suspending bins in a constant-temperature, recirculating, water bath. Water bath temperatures were maintained (± 0.3°) by Ink Bird temperature controllers. Crab acclimation temperatures were monitored daily using an Oakton model 300 thermocouple. Crabs were acclimated at their designated set point temperature for 10 days, with seawater and mud substrate renewed at 48-hour intervals. Fiddler crabs were not fed for the 48 hours preceding the experimental trials. After the acclimation period was completed,
Critical thermal maximum was determined for each individual crab from the three temperature acclimation treatments.
4. Critical Thermal Maximum Experiment
Critical Thermal Methodology was used to estimate fiddler crab CTmaxima (see Becker & Genoway, 1979; Paladino et al., 1980 and Beitinger et al., 2000, for details) . During CTmax trials, a single fiddler crab was placed into a plastic, 2-L CTmax chamber with a fiberglass screen subfloor ~2 cm above the chamber bottom. The subfloor prevented crabs from directly contacting the chamber bottom. To assure chamber air remained fully saturated during trials, ~20 ml of water was added to the space between the subfloor and the chamber bottom. The
CTmax chamber was then placed into a recirculating, progressively heated (Finnex, 300 W, submersible heater) water bath. Air temperatures in the chamber were increased at approximately 0.3°C per minute. Crab behaviour was recorded every minute, until loss of righting response was observed (Cuculescu et al., 1998; Lutterschmidt & Hutchison, 1997) . In this experiment loss of righting response was defined as the inability of the crab to right itself when turned over on to its back quickly (Henderson et al., 2015) . When loss of righting occurred, air temperature was determined (Oakton Model 300, thermocouple), and the crab was quickly moved to a cool environment to recover. Following trials all crabs were weighed (±0.1 g), measured (carapace width and depth ±0.1 cm), and returned to their previous acclimation temperature.
5. Metabolic rate and temperature quotient (Q 10 ) determinations
Temperature quotients were calculated for five fiddler crabs of each species by first determining standard metabolic rate for crabs acclimated at 25°C ± 0.3°C (approximate temperature in shaded mangal zones), and then again following an acute temperature increase to 31ºC ± 0.3 (simulating movement from shade to sun). Metabolic rates (µl·min -1 ) were determined indirectly by measuring oxygen consumption using standard Gilson Differential
Respirometer protocols (Varo et al., 1993; Lighton, 2008; Morrison, 2009) . For each trial, individual crabs were placed into Gilson reaction flasks, and submerged in a recirculating, 25°C water bath. Following a 30 minute interval to allow air temperature to reach water bath levels, reaction flasks were sealed and oxygen consumption was recorded every 5 minutes for at least 1 hour. The grand mean value of the individual metabolic estimates for each crab, was taken as the population estimate. Following the 25ºC low temperature experiment, the water bath temperature was acutely increased to 31ºC, and the metabolic trials were repeated as described above. Following trials all crabs were weighed (±0.1 g), measured (carapace width and depth ±0.1 cm), and returned to their previous acclimation temperature of 25°C.
Crab metabolic rates determined at 25 and 31°C were used in Q 10 calculations to estimate thermal sensitivity for both fiddler crab species. The quotient is standardized to a 10°C temperature change, making it a useful comparative index for assessing effects of thermal variability on ectotherm metabolic rate. In general, a 10°C increase results in a doubling of the metabolic rate, or a Q 10 value of 2, a responses so ubiquitous that it is often referred to as "van't Hoff's Rule". A Q 10 of 1 indicates no change in metabolic rate (Dabruzzi et al., 2017) . The Q 10 value is calculated by the following equation (Schmidt-Nielsen, 1997):
Q 10 = where: Q 10 is the temperature quotient and K 2 and K 1 are mean metabolic rates at temperatures T 2 (31ºC) and T 1 (25ºC), respectively.
6. Data Analysis
Critical thermal maximum values for U. perplexa and U. crassipes were tested using Student's independent t-test. Whereas differences in metabolic rates within species at different temperatures were tested using a paired t-test. Comparisons of fiddler crab metabolic rate and body mass between species were also tested for significant differences using Student's independent t-test. The relationship of Critical thermal maximum on acclimation temperature was modeled using simple linear regression. Evaluations of temperature quotient values between species were made via direct comparison. All statistical decisions were based on an alpha of 0.05.
Results
1. Critical Thermal Maximum (CTmax)
During CTmax trials, U. perplexa and U. crassipes displayed a series of stereotyped behavioral changes as air temperatures increased. In early experimental stages, at temperatures near their acclimation level, fiddler crabs exhibited periods of quiescence, punctuated by random exploratory movements within the CTmax chamber. As chamber temperatures increased beyond acclimation levels, Uca perplexa made persistent attempts to climb the chamber walls. When exposed to similar high temperatures, however, Uca crassipes was comparatively less active than U. perplexa. As temperatures approached CTmax levels (>33°C) both species exhibited obvious signs of heat stress including, frantic, uncoordinated movements, and discharge of a frothy mucus secretion from the mouth, perhaps as a water conservation adaptation. Mucus discharge was much more pronounced in U. crassipes than in
U. perplexa.
The acclimation experiment results indicate that maximum temperature tolerance values increased with increasing acclimation temperature in both fiddler crab species (Fig. 2) .
However, CTmax estimates before and after acclimation suggest that there is no significant difference between temperature tolerance of U. crassipes and U. perplexa when both species are acclimated to the same environmental temperature (independent t-test).
Simple linear regression of CTmax on acclimation temperature for U. perplexa 
2. Metabolic Rate
The results in metabolic rate trials showed a lower average oxygen consumption rate in U.
perplexa at low temperatures of 25 and 31ºC (0.98 and 1.62 µl/min, respectively), compared with the average oxygen consumption rate of U. crassipes (1.32 and 1.62 µl/min) (Fig. 3) .
The oxygen consumption rate of the two fiddler crabs were not significantly different at temperatures of 25 and 31ºC (Paired t-test, U. perplexa p = 0.077 and U. crassipes p = 0.198).
Similarly, there were no significant differences in the body weight of two fiddler crabs (Independent t-test, p > 0.05). The Q 10 for U. perplexa was significantly greater than the Q 10 of U. crassipes (Table 1 ). 
Discussion
The critical thermal methodology has been shown to be an accurate indicator of thermal tolerance in ectothermic organisms (Beitinger et al., 2000) . The importance of this index cannot be overstated. Virtually thousands of papers documenting critical maxima can be found in the scientific literature for nearly all animal phyla. Critical thermal methodology is especially important now at a time when sea surface temperatures are rising, and many ectotherm populations are migrating to cooler latitudes, and those that cannot migrate, are facing extirpation or extinction. Quantifying an ectothermic organism's ability to survive changing world temperature extremes is the critical first step in effectively managing, preserving, or restoring vulnerable populations.
At high temperature exposure, both fiddler crabs in the current study produced varying amounts of mucus, possibly related to lowering water loss through evaporation. Allen et al. (2012) , for example, postulates that fiddler crabs may release mucus to maintain body moisture in the face of evaporation caused by rising temperatures. In addition to preventing water loss, some fiddler crabs also reduce activity levels as temperatures increase. Mat et al. (2017) , report that some fiddler crabs may suppress metabolic rate to survive increasing temperature. This response was evident in low temperature quotient (Q 10 =1.33) for U.
crassipes in this study.
From an evolutionary perspective, habitat preference is a major factor determining acclimation capability. Access to differing thermal habitats over evolutionary time scales ultimately shapes an ectotherms' temperature tolerance (Faria et al., 2016) , and may provide insight into their overall thermal tolerance strategy. The acclimation process significantly affected fiddler crab CTmaxima and explained approximately 50% of the variability seen in fiddler crab thermal tolerance (Fig. 2) . Other possible factors affecting crab thermal tolerance responses include temperature fluctuations during acclimation (Darnell et al., 2015) , species (Cuculescu et al., 1998) , body size and condition (Darnell & Darnell, 2018) , activity (Chatterjee et al., 2014) , nutrition (Koch & Wolff, 2002) , and salinity (Edney, 1961) .
The CTmax of fiddler crabs increased with increasing temperature, ranging from approximately 40 to 42°C -temperatures lethal to most vertebrates (Bennett, 2000; Sarma et al., 2008; Cumillaf et al., 2016; Dabruzzi et al., 2017) . Their high temperature tolerance indicates that fiddler crabs may be more tolerant of increasing temperatures than vertebrates such as the mudskipper fishes with which they are syntopic (Bezerra et al., 2006; Koch & Wolff, 2002) . A reasonable assumption from these data might suggest that the most austere thermal habitats, such as those in mangroves, may be shifting more heavily toward invertebrate dominated systems, and away from vertebrate dominated systems.
At an average CTmax temperature of about 42ºC, U. perplexa and U. crassipes, experience a condition known as ecological-death, a point characterized by the complete loss of motor control. This is consistent with the findings of Lutterschmidt & Hutchison (1997) , regarding the characteristic behaviour of crabs that experience a critical phase. Based on their
average CTmax values, temperature tolerance of U. crassipes is somewhat higher than U.
perplexa, possibly because U. perplexa dedicates more metabolic output to regulating physiological processes that become perturbed by greater temperature fluctuations (Fry, 1947) a conclusion supported by Cumillaf et al. (2016) , who showed that crabs living in higher intertidal zones will be more tolerant of temperature than crabs living at lower intertidal zones. In this case, the U. crassipes live in the higher intertidal zone.
Metabolism is a physiological process that measures energy use in an organism.
Temperature is an important factor affecting cellular respiration in such a way that increasing temperatures result in increased metabolic rates (Campbell & Mitchell, 2004) . The measurement of oxygen consumption rate in fiddler crabs showed a change that was not significant after an increase in air temperature of 6ºC (25-31ºC). This finding indicates that the temperature range, though high, was still within the limits of where the fiddler crab could meet its energy needs without an increase in metabolic rate (Karyawati et al., 2004) . Aquatic organisms have different compensation levels in the face of increasing environmental temperatures. Some species show low or even no change in metabolic rates (i.e., Q 10 = 1), whereas others exhibit much higher levels (Q 10 > 3) (Schmidt-Nielsen, 1997; Eme & Bennett, 2009 ).
For U. crassipes, the metabolic Q 10 response is quite low (Q 10 = 1.3). It is possible that the U. crassipes limits physiological activities associated with increasing metabolism during times of rising environmental temperatures. Meanwhile, U. perplexa more than doubles its metabolic rate following a 10ºC temperature increase (Q 10 = 2.4). This is in agreement with van't Hoff's Rule, which states that the metabolic process of ectothermic animals typically double with a 10ºC temperature increase, expressed as a Q 10 value of ~2 (Aisami et al., 2017) .
Under these conditions, U. perplexa likely take steps to reduce the metabolic burden by altering its physiology to work more efficiently at a new environment (Precht et al., 1973; Hochachka & Somero, 2002; Meyer-Rochow, 2013) . Metabolic studies found U. crassipes to be less sensitive to acute increases in temperature, compared to U. perplexa. Based on the experimental result, U. crassipes is considered to be better adapted to live in habitats with higher environmental temperature ranges.
Conclusion
Fiddler crabs have a high tolerance for changes in environmental temperature. These animals exhibit different tolerance strategies based on their thermal habitat conditions. Such that U.
crassipes inhabiting shaded mangal areas, has a higher temperature tolerance, than U.
perplexa which lives in the sun-exposed mangal zones. In addition, the higher the acclimation temperature, the higher the thermal tolerance of fiddler crabs. Physiologically, judging by the metabolic rate and metabolic sensitivity, U. crassipes demonstrates an ability to effectively adjust its energy expenditure to better endure arduous environmental conditions than U.
perplexa.
